This study examines the relation between cerebral 02 consumption (CMRo,) 
Cerebral°2 consumption (CMRo2) accounts for about 20% of total body oxygen consumption in healthy resting adults.' It is unclear, however, whether the metabolic rate of the The aim of this study was to determine if the fall in CMRo2 in our group of children with severe head injury simply reflects changes in whole body metabolic rate as part of the stress response to injury, or whether the fall in CMRo2 indicates independent progressive changes in cerebral function. There are important therapeutic implications because if CMRo2 simply reflects Vo2, general interventions aiming to modify the stress response and reduce metabolic rate will reduce CMRo2 concurrently. If, however, CMRo2 is determined independently from the rest of the body, then specific measures aiming to decrease it are needed. Therapeutic lowering of CMRo2 may benefit those severely head injured children with cerebral hypoperfusion resulting from raised intracranial pressure refractory to conventional treatment.
Patients
The study was part of a larger project examining the hormonal and metabolic response to head injury.25 It was performed on 15 children who had sustained a severe head injury and were receiving neurointensive care. The mean age was 8-8 with a range of 2 to 15 years. Thirteen children had isolated head injuries and two children had other associated injuries. Associated injuries were defined as injuries severe enough to warrant hospital admission in their own right which is roughly equivalent to an Injury Severity Score of 9.6 In all cases the head injury was the most serious injury sustained. The criterion for admission to the study was a Glasgow coma score < 8.7 In children aged less than 4 years, the adaptation of the Glasgow coma score described by James and Trauner was used.8 The mean Glasgow coma score was 6, range 3 to 8. ,Imol.ml-' It should be noted that CMRo, does not include energy production via anaerobic metabolism and thus CMRo2 may underestimate total cerebral metabolic rate. However, using measurements of arterial-cerebrovenous differences in 02:glucose ratios and lactate concentrations, together with the knowledge that ATP production via glycolysis alone is about 1/18th of the ATP production via glycolysis and the Kreb's cycle, it can be shown that the ATP production by the brain from anaerobic metabolism accounts for only about 1% of total brain energy metabolism, with a maximum of 5%, in this group of children. Thus the effect of anaerobic metabolism on total cerebral energy metabolism is small.
MEASUREMENT OF WHOLE BODY OXYGEN CONSUMPTION (VO2)
Whole body metabolic rate was measured by indirect calorimetry using a modified Douglas bag technique. 12 This method has been described in detail in a previous paper and will only be outlined briefly.2 All children were ventilated with a Servo 900 C ventilator using warmed humidified gases. A sample of the inspiratory gases and all the expiratory gases were collected into 5 1 and 100 1 metallised gas bags (Signal
Instrument
Company, Camberley, Surrey) respectively, over an accurately timed period of 10-20 minutes depending on the minute volume of the child. The bags were then sealed until analysis. One litre of each of the expiratory and inspiratory gases was taken for analysis of 02 and CO2 concentrations.
Inspiratory and expiratory 02 concentrations were measured with a paramagnetic 02 analyser (Servomex 540A, Servomex, Crowborough, Sussex) modified to analyse discrete 100 ml gas samples and to give a digi-360 tal readout. Expiratory CO, concentrations were measured with an infrared CO, analyser (Servomex PA404, Servomex). Each 100 ml gas sample was dried before analysis by passing it through anhydrous calcium chloride. Gas samples were analysed in triplicate to ascertain stable results.
The volume of the remaining expired gas was measured with a dry gas meter, DTM-200-4 (International Gas Apparatus Ltd, Camberley, Surrey) and expressed in terms of standard temperature and pressure and dry (STPD) conditions.
The complete indirect calorimetry system was evaluated with N, and CO, dilution techniques as described by Westenskow et al."3 At an Fio, of 0-3, the mean Vo2 recovery was 99-9 (SD 2)%.
CALCULATIONS
The Vo2 was calculated from the equation:
where Vo2 is 02 consumption in l.min'-; VE is expired volume in l.min-1 at STPD; Fio2 is proportion of 02 in inspiratory gas; Feo, is proportion of 02 in mixed expiratory gas; Feco2 is proportion of CO2 in mixed expiratory gas. Vo2 was then expressed in mmol.min-' by multiplying by 44-6. The stability of measurements of Vo2 was assessed in three children, two gas collections being performed at an interval of 20 minutes in each child. The percentage relative errors for Vo2 were 0-5%, 04%, and 2%.
MEASUREMENT OF FAT FREE MASS
To explore the relation between CMRo2 and the 0, consumption of the other metabolically active tissues of the body, Vo2 was expressed in terms of kg fat free mass. Fat free mass was calculated from the child's bioelectrical impedance, measured with a Holtain body composition analyser (Holtain Ltd, Crosswell, Dyfed) and the child's height and age. Fat free mass was calculated from the equations of Schaefer et al.14 MEASUREMENT OF PLASMA HORMONE CONCENTRATIONS A 2 ml blood sample was taken from the indwelling peripheral arterial catheter at the end of each measurement of Vo,. Blood for plasma glucagon assay was collected into a tube containing aprotinin and the remaining sample was collected into a heparinised tube. Sample tubes were stored on ice during collection and plasma for hormone assays was immediately separated and stored at -80°C. Plasma T3 and glucagon concentrations were determined by radioimmunoassay ' 20 For graphical presentation, the within-child relations were displayed by calculating the mean for each variable for each child and expressing every observation in terms of the residual from that child's mean. By taking the residuals, the between-child variation was removed and the longitudinal component of the data could be displayed. Changes in cerebral oxygen consumption are independent of changes in body oxygen consumption after severe head injury in childhood flow and there was evidence of absolute hyperaemia in only one measurement.
Initial values of CMRo2 showed a significant positive correlation with Glasgow coma score (P= 0-006, r = 071) indicating that the most severely injured children had the lowest cerebral metabolic rates.
There was no evidence of a relation between cerebral blood flow on admission and Glasgow coma score (P = 0 44, r = 0-216). Figure 1C shows BVo2 per kg fat free mass over the first 120 hours after the head injury. There was a significant fall in BVo0 from mean 0 30 mmol.kg-l.min-' at a mean of 12 hours to mean 0-26 mmol.kg-'.min-' at 24 hours (paired t test P = 0-02, 95% CI -0.066 to -0005).
BODY OXYGEN CONSUMPTION INDEPENDENT OF BRAIN AFTER SEVERE HEAD INJURY
There was no evidence of a relation between BVo2 on admission and Glasgow coma score (P = 0 13, r = -0 46). The total energy expenditure of the brain and the rest of the body could then be calculated from the Weir formula.22 From these results, which allow for the effects of oxidation of different fuels within the body, it could be shown that there was no evidence for a positive relation between cerebral metabolic rate and the metabolic rate of the rest of the body.
WITHIN CHILD RELATION BETWEEN BODY 02 CONSUMPTION INDEPENDENT OF BRAIN AND POSSIBLE MEDIATORS
Using multilevel modelling, log adrenaline, T3, and glucagon were all found to have inde- Residual glucagon (pmol-1F1) 364 Changes in cerebral oxygen consumption are independent of changes in body oxygen consumption after severe head injuty in childhood pendent significant relations with whole body energy expenditure in a previous study.2 Thus the relation of these variables with BVo2 and CMRo2 were analysed. Figure 2 shows the within-child relations between BVo2 and possible mediators. With multilevel modelling, significant positive relations were found between BVo2 and log adrenaline (P = 0 0002), T3 (P = 0-017), and glucagon (P = 0-005). Table 2 Figure 3 shows the within-child relations between CMRo2 and possible mediators. Using multilevel modelling, a significant positive relation was found between CMRo2 and T3 (P = 0023). There was no evidence of a relation between CMRo2 and log adrenaline (P = 0887) or glucagon (P = 0-18). Table 2 gives further details of the results of the statistical analysis.
Discussion
In our study there was no evidence of a positive relationship between CMRo2 and BVo2 after severe head injury in children. To the best of our knowledge, this relation has not been examined before in either healthy or injured children.
The absence of a positive relation between CMRo2 and BVo2 was supported by the finding that the percentage of Vo2 accounted for by CMRo2 varied considerably both between and within children, regardless of the age of the child with the most severely injured children having the lowest percentage of Vo2 accounted for by the brain.
From experimental work, there is accumulating evidence that the prefrontal cortex and sympathetic nervous system may be important in influencing energy balance in the whole resting animal. 23 The central nervous effect on resting metabolic rate is largely mediated by circulating thyroid hormones and adrenaline, which affect all somatic tissues.24 The environment of the brain, however, is likely to be different from the rest of the body, largely because of the presence of the blood-brain barrier. Thus it is possible that the metabolic rate of the brain and the rest of the body may be determined independently in health. After severe head injury, local factors induced by trauma and stress may also have important influences on CMRo2 without affecting BVo2, thus reducing the likelihood of finding a close positive relation between CMRo2 and BVo2.
In our study, the hormonal mediators shown to have a stimulatory effect on BVo2 were adrenaline, T3, and glucagon. The positive effects of the hormones on BVo2 may be predicted from knowledge of their action at a cellular level, and from results of studies of the systemic administration of these hormones. [25] [26] [27] By contrast with BVo2, the only mediator shown to have a positive effect on CMRo2 was T3. This suggests that CMRo2 is not determined by the whole body stress response after head injury.
A question of fundamental importance is the integrity of the blood-brain barrier after head injury. In normal circumstances the blood-brain barrier is impermeable to catecholamines and glucagon but there is a specific carrier enabling T3 to cross into brain tissue. 28 29 If the blood-brain barrier remained intact after head injury, the relations between CMRo2 and plasma hormone concentrations could be readily explained. Many stressful events in experimental animals, including hypoxia, immobilisation, and sepsis, however, have been shown to result in a raised CMRo2, where it is proposed that the integrity of the blood-brain barrier is disrupted allowing catecholamines to cross into the brain and stimulate CMRo2t3034 The blood-brain barrier has been shown to be disrupted in experimental head injury. There is evidence, however, that the disruption tends to be focal and, although the duration of the perturbation may vary, it is probably short lived.3536 These conclusions would be supported by the findings in the present study of a lack of relation between CMRo2 and high systemic concentrations of catecholamines.
Impaired utilisation of 02 has been found globally in septic shock37 and in the brain after head injury (unpublished data). The CMRo2 was positively related with Glasgow coma score on admission and the most severely injured children had the lowest percentage of whole body energy expenditure accounted for by the brain, regardless of the age of the child. An alternative explanation for the lack of relation between systemic catecholamines and CMRo2 may, therefore, be an impaired ability for neural and glial cells to utilise 02 after trauma.
The weak but significant positive relation between CMRo2 and plasma T3 concentration is interesting. Although T3 has been found to stimulate 02 consumption in many tissues,38 it has previously been shown in animal models to have a minimal effect on brain tissue.3940 This has always been perplexing because of the large numbers of T3 receptors within the brain and has been explained by the proposal that T3 has other metabolic effects within the brain.4' These influences include effects on adrenergic receptors42 and stimulation of synthesis of nerve growth factor,43 both of which are potentially important in traumatic encephalopathy. It is interesting to speculate that T3 may stimulate 02 consumption in some cell types within the brain in unusual circumstances, such as trauma, giving rise to the positive relation found.
In conclusion, after severe head injury there was no evidence for a positive relation between the metabolic rate of the brain and the rest of the body. Although BVo2 was influenced by the whole body stress response to injury, there was no evidence of a similar effect on CMRo2. It is not clear whether CMRo2 and BVo2 are positively related in health and this relation is then abolished after head injury or whether 365 Matthews, Matthews, Aynsley-Green, Bullock, Eyre CMRo2 and BVo2 are always determined independently. Studies to examine the relation between CMRo2 and BVo2 in health would be needed to resolve this issue.
The important clinical message of this study is that CMRo2 needs to be measured directly after severe head injury and not inferred from measurements of whole body energy expenditure. Medical interventions aiming to reduce CMRo2 after severe head injury in children need to be specific to the brain and it should not be assumed that measures which decrease whole body energy expenditure will necessarily have the same effect on CMRo2.
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